of HIF and molecular oxygen, and suggested a role for
Critical Function of a VHL Homolog in the Regulation of CeHIF-1 the postulated enzyme(s) as oxygen sensors.
We next compared CeHIF-1 expression in wild-type and To pursue these potential insights into oxygen sensing a series of mutant worms that were selected because and proteolytic targeting by prolyl hydroxylation, we of potential relevance to previously proposed models aimed to identify and characterize the relevant enfor oxygen sensing and signal transduction in the mamzyme(s) using a combination of evolutionary, genetic, malian HIF system (for review, see Semenza, 1999 ; Zhu and biochemical methods. In this work, we demonstrate and Bunn, 2001). These included mutants in the PTEN/ the existence of an HIF-␣ homolog (HIF-1) in C. elegans insulin receptor/PI-3-kinase pathway (daf-18, daf-2, that is identical to that identified in recently published age-1), a mutant in a putative homolog of VHL (vhl-1), independent work describing mutant worms lacking this mutants affecting mitochondrial proteins (mev-1, clk-1, gene (Jiang et al., 2001 ). We further show that regulation gas-1), a mutant that affects cytosolic catalase activity of this homolog is dependent on a conserved mechactl-1, and others selected for resistance or sensitivity nism of targeting by a VHL homolog following prolyl to oxidant stresses, but where the mutant gene is not hydroxylation. Analysis of mutant worms identified the yet characterized (mev-2, mev-3). Representative immuegl-9 gene as critical for this process, and we show that noblots are shown in Figure 1B . With the exception of the product is a 2-oxoglutarate-dependent dioxygenase vhl-1 all mutant worms showed preserved regulation that regulates HIF-1 through prolyl hydroxylation at a of CeHIF-1 protein levels. In contrast, the vhl-1 worms conserved core LXXLAP motif, thus defining a novel showed high levels of CeHIF-1 in normoxia that were class of prolyl hydroxylase. In mammalian cells, we show unregulated by oxygen. These results confirmed the prothat this family is represented by a series of isoforms posed homology for vhl-1 (Woodward et al., 2000) , and that act differentially on prolyl hydroxylation sites within indicated a conserved role for C. elegans VHL (CeVHL-1) HIF-␣, and that recombinant enzyme activity is directly in the response to hypoxia. modulated by oxygen tension, providing the basis for an oxygen sensing function.
Interaction of CeHIF-1 with CeVHL-1 Is Regulated by Prolyl Hydroxylation Results
To address the mechanism of regulation of CeHIF-1 by CeVHL-1, we next tested for interaction between the two Identification and Characterization of a HIF-␣ proteins.
S-methionine-labeled, haemagglutinin (HA)-Homolog in C. elegans
tagged CeVHL-1 (HA.CeVHL-1) and CeHIF-1 were proWe first sought homologs to HIF-␣ subunits in the C.
duced separately in vitro in coupled transcription transelegans EST database using a tBLASTn enquiry with lation reactions (IVTT) in reticulocyte lysate. IVTTs were the human sequence. The EST contig we identified is then mixed and assayed for interaction by anti-HA imidentical to an open reading frame (F38A6.3) that was munoprecipitation. When produced in this way, the propredicted following determination of the C. elegans geteins did not interact. However, when recombinant nome sequence, except for a 104 amino acid aminoCeHIF-1 was preincubated with worm extract, interacterminal extension in the latter. No further ESTs or PCR tion was observed ( Figure 2A ). products corresponding to the extension could be idenTo study this further, N-terminal truncations of tified and RACE-PCR products contained a putative CeHIF-1 linked to a Gal4 DNA binding domain were trans spliced leader sequence. These findings predict constructed. The Gal/CeHIF-1 fusion proteins were exthat F38A6.3 encodes a 719 amino acid polypeptide that pressed in reticulocyte lysates, preincubated with worm lacks the proposed amino terminal extension (Suppleextracts, and then tested for interaction with HA.CeVHL-1. mental Figure S1 , available online at http://www.cell.
These experiments demonstrated that while N-terminal com/cgi/content/full/107/1/43/DC1) and was named truncations up to and including Gal/CeHIF-1 (590-719) HIF-1. To avoid ambiguity, we have used the species were captured efficiently by HA.CeVHL-1, Gal/CeHIFdescriptors Hs and Ce as prefixes to distinguish relevant 1(641-719) was not, implicating CeHIF-1 amino acids human and C. elegans proteins and genes throughout 590-641 in the interaction ( Figure 2B Figure 2C ). We therefore mutated the homologous prolyl worms exposed to hypoxia, or the cell penetrating iron residue in CeHIF-1 (P621→G) and found that this muchelator 2, 2Ј dipyridyl. Immunoblotting showed striking tation ablated interaction with HA.CeVHL-1 ( Figure 2D ). induction of CeHIF-1 by both stimuli. Induction by hyThis suggested that the mechanism regulating the poxia was maximal at the lowest tested concentrations CeHIF-1/CeVHL-1 interaction through enzymatic prolyl of 0.5% and 0.1% oxygen. In 0.1% oxygen, CeHIF-1 hydroxylation might also be conserved in C. elegans. protein level was strongly induced within 4 hr, and susTo test this, N-oxalyl-2S-alanine, a 2-oxoglutarate anatained over 24 hr, but disappeared within minutes followlog that inhibits this class of enzyme, was added to the ing reoxygenation ( Figure 1A) . In contrast, CeHIF-1 enworm extract during preincubation with HIF-1. Inhibition coding mRNA levels were unchanged by hypoxia (data was observed that was competed by excess 2-oxoglunot shown). Thus, these experiments confirmed upregutarate ( Figure 2E ). To test whether hydroxylation of the lation of CeHIF-1 by hypoxia, and suggested a mode of critical P621 residue in CeHIF-1 could indeed promote regulation at the protein level similar to that described binding to CeVHL-1, we synthesized N-terminal biotinylated peptides corresponding to residues 607-634 of for mammalian HIF-␣ subunits. Figure 3C ). Moreover, a temperIs a Prototype HIF-PH ature-sensitive egl-9 mutant, n586, showed enhanced The best characterized prolyl hydroxylases are the pronormoxic CeHIF-1 levels at the nonpermissive temperacollagen modifying enzymes (Kivirikko and Myllyharju, ture ( Figure 3D ). To determine the effect of EGL-9 on the 1998). However, worms containing inactivating mutaCeHIF-1 transcriptional response, we measured mRNA tions in each of two isoforms of the catalytic ␣-subunits, levels of a range of hypoxia inducible transcripts and dpy-18 (also termed phy-1) and phy-2, showed normal found striking upregulation in egl-9 worms. for EGL-9 in the regulation of CeHIF-1 and strongly sugsearched C. elegans and mammalian databases for adgested that EGL-9 might function as a HIF-PH that tarditional candidates that were well conserved between gets CeHIF-1 to CeVHL-1. these species and conformed to the 2-oxoglutarateTo test this, we produced recombinant EGL-9 and dependent oxygenase archetype model. Of particular assessed its ability to catalyze the posttranslational interest was a family of genes related to the C. elegans modification of CeHIF-1. CeHIF-1 was captured effigene egl-9, a gene of previously unknown function that was first identified on the basis of an egg-laying abnorciently by HA.CeVHL-1 after incubation with EGL-9 pro- grammed reticulocyte or wheat germ lysates, but not N-terminal Gal fusion proteins in either insect cells or E. coli and purified by anti-Gal immunoprecipitation. These unprogrammed lysate ( Figure 5A ). In contrast, IVTTs expressing recombinant C. elegans PHY-1 (DPY-18), PHY-2, substrates were incubated with lysates of insect cells expressing full-length EGL-9 or purified MBP/⌬N.EGL-9, and the gene product of the predicted ORF T20B3.7, which also has significant homology to prolyl hydroxyand tested for ability to capture CeVHL-1. Both forms of recombinant EGL-9 efficiently promoted modification lases, had no activity in these assays (data not shown). To test whether EGL-9 could act directly on CeHIF-1, ) showed that enzymes were differentially efficient identified a larger series of homologies and predicted three related genes in each of the human and rodent at promoting interaction via the C-terminal (P564) and N-terminal (P402) prolyl hydroxylation sites. Whereas genomes that bore striking homology to egl-9, particularly over the core putative catalytic domain. Figure 4 interaction through the C-terminal site was promoted by all enzymes, HsVHL E3 capture was less efficient illustrates sequence alignment of EGL-9 (accession number AAD56365), rat SM-20 (accesion number AAA19321), when only the N-terminal site (P402) was intact, and was only promoted by PHD1 and PHD2. No activity at and the predicted human proteins defined by accession numbers XP_040482, AAG33965, and NP_071356, corall was observed with a double HsHIF-1␣ mutant, P402A P564G, that ablates both hydroxylation sites. In keeping responding to Unigene clusters Hs.324277, Hs.6523, and Hs.18878. We provisionally termed the human prowith these results, all enzymes strongly promoted capture of HA.HsVHL by isolated HsHIF-1␣ sequences from tein products "prolyl hydroxylase domain containing" (PHD) 1, 2, and 3, respectively. Note that the gene we the C-terminal site using a Gal/HsHIF-1␣(549-582) fusion protein substrate and anti-Gal immunoprecipitation. term PHD2 has previously been identified as a human homolog of rat SM-20 (Dupuy et al., 2000) , though our Further analysis demonstrated that this activity was strongly inhibited by iron chelation, cobaltous ions, and alignment indicates that PHD3 has greater homology.
To test the role of these gene products in regulating the 2-oxoglutarate analog N-oxalylglycine ( Figure 6B ), product, or derivatized 4-hydroxyproline, and by 2-oxoin HeLa cells and that in this cell line, transcripts for PHD2 and PHD3, but not PHD1 are induced by hypoxia glutarate decarboxylation assays ( Figure 6C , and data not shown).
( Figure 7A ). In keeping with this, semiquantitative analysis of lysates prepared from HeLa cells that had been To verify expression of all three isoforms, we performed RNase protection analysis using riboprobes grown in normoxia or exposed to hypoxia for 16 hr, then assayed for HIF-PH activity in vitro using the HsVHL specific for each transcript. Since the rate of HsHIF degradation in normoxia is enhanced by prior exposure of capture assay, demonstrated induction of total HIF-PH activity that was blocked by actinomycin D (Figure 7B ).
cells to a period of hypoxia (Berra et al., 2001), it has been predicted that HIF-PH would itself be induced by
Finally, we used HsVHL capture assays to measure the activity in vitro of recombinant PHD-1 on an HsHIF-1␣ the transcriptional response to hypoxia. RNase protection showed that all three HIF-PH mRNAs are expressed 549-582 substrate at graded levels of hypoxia in a con- trolled hypoxia work station. We first measured the efperformed using PHD-1 produced in reticulocyte lysate by IVTT, or purified MBP/PHD-1 obtained by expression fect of graded hypoxia on the HsHIF modifying activity of extracts of vhl-defective RCC4 cells that contain a in E. coli. Similar progressive reductions in the activity of each preparation were observed with graded hypoxia relatively high level of total HIF-PH activity. A progressive reduction in activity was observed with graded hyp-( Figure 7C, lower panels) . Thus, the activity of recombinant PHD-1 from either source parallels that observed oxia ( Figure 7C, upper panel) . Similar assays were then with a cofactor requirement for iron (II). In keeping with this, we found that the activity of the recombinant enJaakkola et al., 2001). Characterization of the modifying activity in cell extracts predicted that the relevant enzyme required iron, and was directly inhibited by cobaltous ions, probably by substitution at the iron center. zyme(s) would belong to the 2-oxoglutarate-dependent oxygenase superfamily-the requirement for dioxygen Moreover, we found that a mutation (PHD1; H358A) that is predicted to abrogate iron binding, but not otherwise as cosubstrate suggesting a function in cellular oxygen sensing. Here, we demonstrate the existence of a hoalter the three-dimensional structure (Lloyd et al., 1999) , completely ablated enzyme activity. By conducting remologous HIF-VHL-prolyl hydroxylase system in C. elegans, and use a genetic approach to identify a novel funcactions in a controlled oxygen environment, we showed that the activity of the purified enzyme was strikingly tional group of 2-oxoglutarate-dependent oxygenases that function as HIF-PHs. The critical role of this process sensitive to graded levels of hypoxia in vitro. Though unknown intracellular oxygen gradients make direct in the regulation of HIF is emphasized by analysis of vhl-1 and egl-9 mutant worms, which show essentially comparison subject to some uncertainty, these findings mirror the progressive increases in HIF-1␣ protein and complete loss of regulation of CeHIF-1 by oxygen.
Secondary structural analysis predicts that the HIF-DNA binding that are observed when cells are exposed to graded hypoxia in culture (Jiang et al., 1996) . PHs fold to produce a common jelly roll structure that positions a nonheme-iron coordinating HXD...H motif at Thus, the classical features of HIF induction by hyp-oxia, cobaltous ions, and iron chelators can be extions. Interestingly, EGL-9 possesses an N-terminal zinc plained, at least qualitatively, by the properties of recomfinger domain that we have shown is unnecessary for binant HIF-PH enzymes. Whether the characteristics of HIF-PH activity and may have other functions. these enzymes can explain other described responses Given the lethal effects of HsVHL and HsHIF-1␣ disof the HIF system is less clear. The hydroxylation section ruption on mammalian development, it is of interest that of the catalytic mechanism is believed to proceed by a vhl-1 and egl-9 worms are viable. Hif-1 mutant worms radical rebound mechanism ( In mammals, the HIF system regulates not only cellular on HIF regulation (Huang et al., 1999; Palmer et al., 2000) .
responses to oxygen, but also a range of systemic funcThe availability of recombinant HIF-PHs will now permit tions such as regulation of angiogenesis, erythropoiesis, direct testing of these possibilities, and an important and vasomotor control. These complex requirements challenge will be to determine the extent to which the have argued against the concept of a single oxygen complex demands of physiological oxygen homeostasis sensor. However, the existence in mammalian cells of are met by the biochemical properties of these enzymes.
(at least) three isoforms of HIF-PH, and (at least) two Identification of the HIF system in nematode worms isoforms of HIF-␣ each with more than one site of prolyl that obtain oxygen by diffusion reveals that the system hydroxylation ( type, suggesting the existence of nonoverlapping func- 
